Aims/hypothesis. Pig islets could transmit porcine endogenous retroviruses (PERV) to diabetic patients. Our previous work showed that pig islets expressed low levels of PERV mRNA and were not likely to transmit PERV to human cells in vitro. The real risk of infection during pig tissue xenografts can only be evaluated by in vivo experiments. Methods. Nude mice bearing tumours containing human 293 cells were grafted with specific pathogenfree pig islets or PERV-producing pig PK15 cells to determine whether pig cells could transmit PERV to mouse and human cells in vivo. Infection was monitored by PCR, long PCR, RT-PCR and long RT-PCR. As detection of PERV sequences could be due to the presence of residual pig cells, we looked for pig mitochondrial (mt) DNA. Quantitative PCR for PERV and pig mt DNA was done to compare the PERV-topig mt (P-to-M) ratio of each sample with the reference ratio for grafted pig cells. Results. Among 78 mouse tissues from PK15-grafted mice, 54 and 72 were positive for gag and pig mt DNA, respectively. Human tumours developed in these mice were positive for PERV (78%) and pig mt (89%). The P-to-M ratios for mouse tissues and PERV-positive human tumours from PK15-grafted mice were higher than the ratio in PK15 cells. Among 41 tissues from pig islet cell-grafted mice, 7 were positive for PERV (3 lymph nodes, 1 kidney, 2 salivary glands, 1 ovary), and 14 were positive for pig mt DNA. Three of these samples (1 lymph node, 1 kidney and 1 salivary gland) were positive for gag DNA, but negative for pig mt DNA. One human tumour in these mice was positive for PERV DNA. P-to-M reference ratio in grafted islet cells was 0.05±0.03. The three PERVpositive lymph nodes contained 78 gag/3 mt copies (P-to-M: 26), 101 gag/3 mt copies (P-to-M: 34), and 4 gag/0 mt copies. The two PERV-positive salivary glands contained 14 gag/1 mt copies, and 28 gag/0 mt copies. The ovary and the kidney contained 46 gag/ 3 mt and 69 gag/0 mt copies, respectively. The PERV-positive human tumour contained 47 gag/3 mt copies. Conclusions/interpretation. Microchimerism and PERV transmission were frequently observed in both mouse and human tissues during grafting of pig PK15 cells into nude mice bearing human tumours, and sometimes during pig islet xenograft in this model. This strengthens the notion that there is a risk of transmitting PERV during pig islet xenograft. [Diabetologia (2002) 45:914-923] Keywords Xenograft, pig endogenous retrovirus, pig islet cell, PK15 cells, specific pathogen free pig, human cells, mouse. vided by E. Gouin (Ploufragan and Nantes, France) from Large-White SPF pigs (80-120 kg), aged 20 weeks, as previously described [1, 2] . Pancreases were removed in betadine solution and inflated with 100 ml ice-cold sterile modified University of Wisconsin (mUW) solution and transported in mUW. Pancreases were then inflated again with 0.5 ml/g of mUW solution containing 2 mg/ml Liberase (Roche Diagnostics, Meylan, France) and placed in a digestion chamber filled with mUW solution kept at 36°C. Crude islets were pelleted by centrifugation, suspended in mUW and purified on continuous Optiprep gradient (Life International Technology, Cergy-Pontoise, France) with a COBE 2991 processor. Islet purity, as assessed by dithizone staining, exceeded 90%. This isolation provided islets capable of reacting to nutriments, hormones and neuromediators [2] . Islets were treated with EDTA and dispase to obtain islet cell suspensions. Islet cells were numerated and suspended in Ham's F10 medium (5.5 mmol/l glucose) (Biomédia, Boussens, France) supplemented with 2% Ultroser (BioSepra, Villeneuve la Garenne, France).
Simultaneous xenografts of human 293 cells and PERV-producing pig PK15 cells or SPF pig islet cells in nude mice.
Female NMRI nude mice (Janvier, Le Genest-St-Isle, France) were injected subcutaneously on two occasions (two weeks apart) with 50×10 6 PK15 cells in the right flank, and then, 6 weeks after the initial injection, with 30×10 6 human 293 cells in the left flank. All tumours were finally apparent at the inoculation site, and no metastases were observed. Tumours induced by human 293 cells appeared 3 to 4 weeks after injection, and those induced by PK15 cells 3 months after injection. Other nude mice irradiated 24 h before (750 Gy) were similarly grafted with human 293 cells in the left flank and then, after 2 weeks, with 6×10 6 SPF pig islet cells intraperitoneally. All mice were killed 2 months after the pig grafts. Evidence that at least part of the pig islet cells had survived at the time of killing was supported by the detection and separation of porcine insulin in the sera of the mice by reverse phase HPLC [35] . The elution time profile obtained with sera from mice grafted with pig islet cells revealed a peak of insulin eluting at the position of porcine insulin standard, in addition to mouse I and II insulins. Only the two mouse insulin peaks were detected in plasma from control mice. DNA and RNA were extracted from porcine and human cells and from different mouse tissues using the QIAamp DNA blood mini-kit and the RNeasy mini-kit, respectively (QIAGEN, Courtaboeuf, France). Total RNA was treated with Rnase-free DNase I (Roche Diagnostics) for 30 min at 37°C to avoid DNA contamination (the efficiency of this DNAase treatment was assessed by RT-PCR performed without the RT step).
PCR-derived monitoring of PERV infection and microchimerism on mouse tissues and human tumours.
The primers (Table 1) used for PCR amplification of PERV sequences allow detection of full-length PERV and fragments of 3 retroviral genes. These three genes called gag, pol, env, encode capsid proteins, retroviral enzymes, and envelop glycoproteins, respectively. The primers used for PCR amplification of PERV sequences or pig mt DNA were synthesised by the Life Tech-During xenograft, there is a risk of transmitting infectious agents from pig to man. The risk of conventional zoonosis led us to isolate islets from specific pathogen-free (SPF) pigs [1, 2, 3, 4, 5, 6, 7, 8] . However, there is also a risk of transmitting porcine endogenous retroviruses (PERV) [9, 10, 11, 12] . The ability of PERV [10] produced by pig cells to infect human cells in vitro has been documented [8, 9, 13, 14, 15, 16, 17] . PERV mRNA and full-length endogenous retroviral genome were expressed in all pigs tested [9, 15, 18, 19] , including SPF pigs [5, 20] . Thus, the use of SPF pigs does not seem to be able to prevent PERV transmission to xenograft recipients.
The actual risk of infection during pig tissue xenograft can only be evaluated convincingly by in vivo experiments. Investigations in baboons [ Although the risk of transmitting PERV can be evaluated independently of the type of pig tissue grafted, it also needs to be analysed specifically for a given tissue. The risk of transmission could depend on viral load, as in the case of other retroviral infections [34] . Our previous work showed that pancreas expressed the lowest levels of PERV mRNA in SPF pig tissues intended for grafting [5] , and that long-term follow-up failed to detect in vitro transmission of PERV from SPF pig islets to a panel of human cells, even after repeated and optimised co-incubations [8] .
In this study, a model was designed to investigate whether SPF pig islets transmit PERV sequences to human cells in vivo as well as to mouse tissues. Nude mice bearing a subcutaneous tumour produced by injection of highly PERV-sensitive cells of the human 293 line were grafted with SPF pig islets or PERVproducing pig PK15 cells. Infection of mouse tissues and human cells was monitored by PCR and RT-PCR to detect PERV DNA and RNA for gag, pol and the three env sub-types (A, B and C) [9, 13, 18] . Long PCR and RT-PCR were done to detect full-length PERV proviruses and genomic RNA [20] . As detection of PERV sequences in the mouse or human cell extracts could be due to the presence of residual pig cells (microchimerism) and not to true infection, sensitive and specific detection of pig mitochondrial (mt) DNA was carried out to avoid misinterpretation. Realtime quantitative PCR for PERV and pig mtDNA was carried out to compare a PERV/pig mt ratio calculated for each mouse or human sample with the reference ratio obtained for grafted pig cells.
Materials and methods
Specific pathogen-free (SPF) pig islet cells, porcine retrovirusproducing cell lines, and human target cells. Islets were pro-nologies system (Cergy Pontoise, France). PCR was done on GeneAmp PCR System 9700 (PE Applied Biosystems, Foster City, Calif., USA). Species-specificity of the primers was checked for the absence of signals on samples from mouse or human cells. In all experiments, 15 µl of amplification products were visualised on 2% agarose gels after ethidium bromide staining.
Detection of pig specific cellular DNA. Detection of a 255 bp sequence from the pig mt DNA cytochrome oxidase subunit II (COII), using primers PMTF2 and PMTR2 [36] , was done to evaluate the presence of pig cellular DNA (microchimerism) in mouse or human cells. PCR was performed with 0.75 µg of DNA in 50 µl reaction buffer (10 mmol/l Tris-HCl, pH 8.3, 50 mmol/l KCl, 1.1 mmol/l MgCl 2 , 0.01% gelatin), 200 µmol/l of each dNTP (Promega, Madison, Wis., USA), 2.5 U Red-Taq polymerase (Sigma, St. Louis, Miss., USA) and 0.5 µmol/l of each primer. The PCR conditions were: 94°C for 4 min, 94°C for 30 s, annealing at 56°C for 30 s, and 72°C for 30 s (40 cycles). A final elongation step was performed at 72°C for 10 min.
Detection of PERV DNA by PCR. PCR were performed as described above, except for the following points: 1 µg of DNA were used; annealing temperature was 56°C for pol and gag, 57°C for env-A and env-B, and 63°C for env-C; and the number of cycles was modified to 60 or 40, 30 and 35, respectively. To evaluate the sensitivity of PCR for gag, pol, and env, DNA was extracted from mixtures of pig PK15 cells and mouse or human cells (n=3), and serial dilutions were obtained. PCR for gag, pol, env-A and env-B were still positive with DNA dilutions corresponding to the equivalent of 0.1, 1.0, 0.15 and 0.3 PK15 cells, respectively, in the background of mouse or human DNA. During experiments with the same samples, PCR for pig COII mt DNA was at least 40 times more sensitive, as it was still positive with 0.025 pg DNA (vs 2.5 pg for gag PCR).
Detection of PERV proviruses. Long PCR on PERV sequences has been previously described [20] . Amplification was performed with the Platinum Taq High Fidelity system (Life Technologies). The primers amplified a 7.2 kb fragment from all PERV-A, -B, or -C sequences. 6 (Pharmacia Biotech, Uppsala, Sweden). Thirteen microlitres of cDNA templates were amplified with pol, gag, env-A, env-B or env-C primers in the conditions described above. Control reactions with no reverse transcriptase were performed to check for the absence of residual genomic DNA. Reverse transcription of pig islet RNA was performed with the Sensiscript reverse transcriptase kit (QIAGEN).
Detection of full-length PERV. PERV genomic RNA were retrotranscribed with the Thermoscript RT-PCR system (Life Technologies). The resulting RNase H-treated cDNA, or cellular DNA, were subjected to PCR with the Platinum Taq High Fidelity system (Life Technologies). Using the primers mentioned above, a 7.2 kb product and fragments of about 3 kb were produced. Products from long PCR and RT-PCR were transferred to Hybond-N+ nylon membranes (Amersham Pharmacia Biotech, Orsay, France) by Southern blot transfer. Membranes were hybridised with alkaline phosphatase-labelled "gag" probes using the AlkPhos Direct Labelling and Detection systems (Amersham Pharmacia). After washes, membranes were incubated with the CDP-star chemiluminescent detection reagent and exposed to X-ray film. Real-time quantitative PCR and the PERV/pig COII mt ratio. Quantitative PCR was performed to distinguish the persistence of porcine material (microchimerism) from true infection by PERV in grafted mice. The determination of copy numbers of PERV-gag and pig mt COII sequences allowed comparison of a PERV-to-pig mt (P-to-M) ratio calculated for each mouse or human sample with the reference ratio for grafted pig cells. Quantitation of PERV sequences, using a fluorescence-based, realtime GeneAmp 5700 sequence detection system (Applied Biosystems, Foster City, Calif., USA), was performed in 25 µl, with the 2X Real-time Sybr Green I mix (Eurogentec, Seraing, Belgium) containing Goldstar DNA polymerase, uracil-N-glycosylase, dNTPs, 5 mmol/l MgCl 2 and Sybr Green. Preliminary tests showed that the optimal concentration for each primer pair was 300 nmol/l ( Table 1 ). The amount of DNA in each sample was carefully measured by spectrophotometry at 260 nm. One µg of DNA was used in each test (performed in triplicate). Cycling parameters were 2 min at 50°C, 10 min at 95°C, 40 15-s cycles at 95°C, and 1 min at 60°C. Standard curves were constructed for gag and mt DNA, using serial tenfold dilutions (10 5 to 10 copies for each reaction) of plasmids containing the gag or mt insert. The corresponding threshold cycles (Ct) were recorded, and each point on the curve was the mean of three replications from 10 independent experiments. The sensitivity of this technique allowed detection of two copies of PERV or COII sequences. The conditions required for calculation of PERV/mt ratios were: more than two copies for gag or mt sequences; a dissociation curve at the end of the amplification reaction confirming the specific Tm of the amplified product and the absence of primer dimers; and sample Ct values of 36 or less.
Statistical analysis. Data are presented as mean values ± SEM.
Statistical significances of differences were evaluated using Student's t test or Mann-Whitney test. A p value of less than 0.05 was considered to be statistically significant.
Results

PERV detection in SPF pig islet cells and pig PK 15
cell line to be grafted. Long PCR amplified full-length DNA from all SPF pig islet preparations tested (n=6), and from PERV-producing PK15 (Fig. 1) . RT-PCR and long RT-PCR allowed detection of PERV subgenomic mRNA for gag, pol, env-A and env-B, and fulllength PERV RNA, in PK15 cells (n=24, Fig. 1 ). In contrast, PERV mRNA for gag, pol, and all three env sub-types (Fig. 1) , but no full-length PERV RNA, were found in pig islet cells (n=8). As already reported by us, the expression of all PERV mRNA was much lower in pig islet cells than in PK15 cells [5, 8] .
Full-length PERV RNA (long RT-PCR), PERV mRNA (RT-PCR) and RT activity (PERT) were detected in supernatants of PK15 cells (n=12) [5, 8] . In contrast, full-length PERV transcripts and RT activity were never detected in supernatants of SPF pig islet cells (n=10). However, 8 out of 10 pig islet cell supernatants tested were positive for gag mRNA, while 5 and 3 of them were also positive for env-A and env-B, respectively.
PCR-derived detection of pig mt and PERV sequences in grafted nude mice.
No PCR products were obtained with the mt COII and PERV primers on human 293 cells and a panel of tissues from nude mice not transplanted with pig tissues (representative results are shown in Fig. 2) . Among the 78 mouse tissues from PK15-grafted mice, 72 (92%) were positive for pig mt COII sequences (Table 2) . High positivity frequencies were found in lung, heart, salivary gland, lymph node, and testis (100% positivity for the samples tested). Other organs were positive for pig mt within a range of 67% (liver) to about 90% (kidney).
Among 23 mouse samples negative for gag PERV, 19 were positive for pig mt. This was particularly the case for liver and spleen samples ( Table 2) . Conversely, no mouse samples were positive for gag PERV DNA and negative for pig mt sequences. Only 6/78 mouse samples were negative for both gag and pig COII DNA.
Among the human 293 tumours that developed in nude mice and were simultaneously grafted with PK15 cells, 78% were positive for gag DNA (Fig. 2 , Table 2 ). Env DNA was also found in these samples. Full-length PERV DNA was detected in all human tu- PERV and pig mt sequences in mice grafted with PK15 and human 293 cells. All PK15 pig tumours explanted from grafted nude mice were positive for gag, env-A, env-B and full-length PERV, but also for pig mt sequences (Table 2) . Among 78 mouse tissues from PK15-grafted mice, 54 (79%) were positive for PERV-gag with PCR using high (60) or low (40) cycle numbers ( Table 2 ). All samples which were positive for gag were also positive with PERV-env PCR (data not shown). High positivity frequencies for gag sequences were observed in lung and testis (100% positivity for the samples tested), lymph node (89%), heart (80%), blood (75%), salivary gland (70%), and kidney (67%). Classical PCR provided consistently higher amplification signals for lung and lymph node than for other samples. Other organs displayed lower positivity frequencies for gag, ie. ovary (40%) and spleen (17%). Livers of PK15-grafted nude mice were never positive for gag. Gag RNA and full-length PERV DNA were detected in all lung and lymph node samples positive for gag DNA (Table 2) . Full-length PERV sequences and even mours (except one) positive for both gag and env DNA. Gag RNA was also detected in 4/9 human 293 tumours. Among human tumours positive for gag mRNA, all but one had full-length PERV sequences. Among human tumours, 89% were positive for pig mt COII sequences (Fig. 2, Table 2 ).
PERV DNA and RNA in nude mice grafted with SPF pig islet cells and 293 cells. Some mouse samples (7/41, 17%) from pig islet cell-grafted mice were positive for PERV-gag DNA with PCR using high (60) or lower (40) cycle numbers (Table 2) , and for PERV-env DNA (data not shown). Three lymph nodes out of 6 tested, one kidney, 2 salivary glands, and 1 ovary were positive for gag DNA and full-length PERV DNA. However, no gag-PERV RNA was detected in these samples. In contrast to the high frequency and intensity of PERV positivity in lungs of mice grafted with PK15 cells, all lungs from mice grafted with pig islet cells were negative for gag or env DNA or RNA. All blood, heart, spleen and liver samples of these mice were also PERV-negative.
Among the mouse samples from pig islet cell-grafted mice, several (14/41, 34%) were positive for pig mt DNA (Table 2) .
Of note, three samples from the same mouse positive for PERV-gag DNA were negative for pig mt DNA: 1 lymph node (Fig. 2) , 1 kidney and 1 salivary gland. Conversely, 11/41 samples were positive for pig mt DNA and negative for PERV-gag DNA: 2 kidney, 1 salivary gland, 1 ovary, 2 heart, 1 spleen, 1 lung, 1 liver, 1 testis and 1 lymph node. Finally, 21/41 samples (51%) from pig islet cell-grafted mice were negative for both gag and pig mt DNA.
One sample of human 293 tumour recovered from pig islet cell-grafted mice was positive for PERV-gag DNA ( Table 2 , Fig. 2 ), as confirmed for env DNA. This tumour was obtained from a mouse that also had two gag-positive lymph nodes. Given the size of this 293 tumour (about 2 cm in diameter), two other biopsies from other regions were analysed but failed to confirm gag positivity. None of the three tested samples revealed gag RNA or full-length PERV (Fig. 2, Table 2 ). All 293 tumours but one (including the PERV-positive tumour) were positive for pig mt sequences.
Real-time quantitative PCR for pig mt and PERV sequences in grafted nude mice.
PERV and mitochondrial sequences in PK15 tumours explanted from nude mice numbered 2343±884 and 19721±7042 for each ng of DNA, respectively (Fig. 3) . The corresponding P-to-M ratio of 0.105±0.015 was used as the reference ratio for comparisons.
The mean P-to-M ratios in all mouse tissues from PK15-grafted mice were higher than the reference ratio: lung (0.952±0.187; p≤0.005), heart, salivary gland and lymph node (3.821±1.676, 0.934±0.261, and 1.118±0.426, respectively; p≤0.04), testis, and kidney (0.628±0.203, and 6.52±3.05, respectively; p≤0.05) ( Table 3) . For example, all lungs and 7/9 lymph nodes tested had a P-to-M ratio higher than the mean value +3 SD of the ratios for PK15 tumours.
Among the human 293 tumours that developed in PK15-grafted mice, only the seven gag-positive sam- Table 3 . Quantitative PCR for PERV-gag and porcine mt COII DNA in mouse tissues and human 293 tumours of nude mice grafted with PERV-producing PK15 cells or SPF pig islet cells. Only gag-positive tissues detected by classical PCR were tested with quantitative PCR. Determination of the copy numbers of PERV and pig mt sequences allowed comparison of a PERV/pig mt (P-to-M) ratio calculated for each mouse or human sample with the "reference" ratio for grafted pig cells. As indicated in Materials and methods, P-to-M ratios were only calculated if more than two copies of gag and mt sequences were found PK15-grafted mice Pig islet cell-grafted mice Samples P-to-M ratio Samples P-to-M ratio (Means ± SEM) (Means ± SEM) ples were tested with quantitative PCR. The mean P-to-M ratio calculated for these tumours (4.68±2.45) differed from the reference ratio for PK15 tumours (p≤0.005). All these human tumours had a P-to-M ratio higher than the mean +3 SD of the ratio for PK15 tumours.
Mice grafted with SPF pig islet cells and human 293
cells. PERV and mitochondrial sequences in the five islet cell preparations grafted numbered 5722±3725 and 111946±32325 for each ng of DNA, respectively. The corresponding ratio of 0.05±0.03 was used as the reference ratio.
Only the seven gag-positive mouse tissues were tested with quantitative PCR. Of the three gag DNApositive lymph nodes, one (from mouse No. 1) contained 78 PERV-gag and three COII copies (P-to-M ratio: 26). Another lymph node (from mouse No. 2) contained 101 PERV-gag and three COII copies (P-to-M ratio: 34). The third lymph node (also from mouse No. 2) contained four PERV-gag copies but no COII copies. Among the two gag-positive salivary glands, one contained 14 PERV-gag copies and one COII copy (mouse No. 1), and the other (mouse No. 3) 28 PERV-gag copies, but no COII copies. The ovary sample from mouse No. 1 contained 46 PERV gag copies and three COII copies (P-to-M ratio: 15). The kidney sample from mouse No. 3 contained 69 PERV gag copies but no COII copies.
The detection of PERV and mitochondrial sequences by classical PCR in one human 293 tumour (mouse No. 2) from islet cell-grafted mice (see above) was confirmed by quantitative PCR, ie. 47 copies of gag and three copies of COII were found. This corresponded to a P-to-M ratio of 16, which was higher than the reference ratio. Mouse No. 2 also had two gag-positive lymph nodes.
After in vitro phagocytosis of pig islet cell lysates, PERV compared to pig mt sequences in plastic-adherent spleen cells from nude irradiated mice (n=7) numbered 427±191 vs 8250±3689 (P-to-M ratio: 0.21±0.11).
Discussion
The ability of PERV produced by pig cell lines or primary cell cultures to infect human cells in vitro has been documented [8, 9, 13, 14, 15, 16] , and serial passages of PERV on a human cell line have produced retroviruses with a higher tropism for human cells [17] . Our previous work found that pancreas expressed the lowest PERV mRNA levels in SPF pig tissues intended for grafting [5] and that long-term follow-up failed to detect in vitro transmission of PERV from SPF pig islets to a panel of human cells (including very permissive 293 tumour cells), even after repeated and optimised co-incubations [8] . Conversely, the same target human cells were infected after co-in- In this study, an original in vivo mouse model was designed to determine the actual risk of infection during pig pancreatic islet xenografts. Immunodeficient nude mice injected subcutaneously with cells of the human 293 line developed human tumours. These mice were then grafted with SPF pig islets or PK15 cells. They were killed after several weeks and nucleic acids were extracted from the human tumours and different mouse tissues. The infection of these samples was monitored by PCR and RT-PCR to detect PERV DNA and RNA for gag, pol and the 3 env sub-types (A, B and C) [13, 18] . Long PCR and RT-PCR were performed to detect full-length PERV proviruses and genomic RNA, respectively [8, 20] . As detection of PERV sequences in mouse or human cell extracts could be due to the presence of residual pig cells and not to infection, sensitive and specific detection of pig mt COII DNA was performed. COII PCR was at least 40 times as sensitive as that of PERV-gag. Real-time quantitative PCR for PERV-gag and pig COII DNA was performed to quantify absolute values of copy numbers, and ratios of both signals were established and compared to check ratios obtained in grafted pig cells.
Among the mouse tissues tested in PK15-injected nude mice, 79% were positive for PERV sequences, showing particularly high frequency and intensity of positivity in lung, testis, and lymph node. However, pig COII was also detected in most (92%) of these mouse samples, indicating pig cell microchimerism. Quantitative PCR showed that the PERV-to-COII ratios for lung, lymph node, salivary gland, heart, kidney and testis from PK-15 grafted mice were significantly higher than the control ratio for explanted PK15-tumours. These results strongly suggest that PERV infection as well as microchimerism occurred in these tissues. The existence of PERV transmission was further substantiated by detection of full-length PERV sequences and PERV RNA in most of these tissues. Thus, PERV proviruses could remain competent for replication once integrated into the mouse genome. However, a recent study reported that normal or chemically immunosuppressed rats remained uninfected by PERV after intraperitoneal inoculation of PK15 cells [33] . This discrepancy could be due to the choice of animal models and the fact that the state of the immune system is not the same in immunosuppressed rats and nude mice or differences in the mode of PK15 cell administration or both. Concerning the last point, longterm PK15 grafts in our model seem more closely related to the circumstances of xenotransplantation than a single PK15 cell injection. Moreover, most human 293 tumours that developed in PK15-injected nude mice in our study were positive for both PERV and COII sequences, and env DNA, full-length PERV and PERV RNA were detected in most of these tumours. Quantitative PCR showed that the PERV-to-COII ratio of these human tumours was significantly higher than the control ratio in PK15-tumours. These results provide the first strong evidence that transmission of PERV sequences from PK15 cells to human 293 cells occurs in vivo in addition to microchimerism.
Similarly, PERV sequences occurred in pig islet-injected nude mice bearing human tumours generated by the 293 cell line. Among 41 mouse tissues tested, only seven (from three mice) showed detectable PERV sequences. Four of these 7 PERV-positive tissues (salivary gland from mouse No. 1, lymph node from mouse No. 2, and salivary gland and kidney from mouse No. 3) were negative for porcine COII DNA. As COII PCR is at least 40 times as sensitive as PERV PCR, it is not likely that absence of COII was a falsenegative result. Instead, these findings, which were confirmed by quantitative PCR, suggest that PERV infection occurred in these four tissues in the absence of microchimerism. Moreover, three other mouse tissues (salivary gland and ovary from mouse No. 1 and lymph node from mouse No. 2) were positive for both PERV and COII DNA. Quantitative PCR showed that the PERV-to-COII ratios for these three tissues were higher than the PERV-to-COII ratio for grafted pig islets. This suggests that the three tissues were also infected by PERV. In contrast to findings for PK15-injected mice, no PERV RNA was detected in tissues of pig islet-injected mice. This suggests that the PERV infection obtained in pig islet-injected mice could have been unproductive. Moreover, in contrast to the high frequency and intensity of PERV positivity in lung of PK15-injected mice, all lung samples of pig islet-injected mice were negative for both PERV and COII DNA. One possible explanation for this is that PERV produced by PK15 cells could differ in tropism from that produced by pig islets. Furthermore, all but one of the human 293 tumours obtained in islet-injected nude mice were positive for pig COII sequences, which indicates that pig cell microchimerism was obtained not only in mouse tissues but also in the human tumours of these mice. A unique but noteworthy event was the occurrence of PERV sequences in a human tumour obtained from mouse No. 2, which also had two PERV-positive lymph nodes. Quantitative PCR showed that the PERV-to-COII ratio for this tumour was higher than the control ratio for grafted pig islets, which suggests that human cells were infected by PERV in this mouse. This might seem discordant with the results for our previous study, which failed to detect in vitro transmission of PERV from SPF pig islets to human cells, including the human 293 line. Several complex mechanisms occurring in vivo could account for this apparent discrepancy. Pig islets injected into mice could be subjected to reactivation of PERV sequences and release infectious particles. Or the passage of PERV from pig islets to mouse cells could change the tropism, ie. PERV produced from mouse cells could be able to infect human cells. However, even though surviving pig islet cells remained at the time of killing, the P-to-M ratio in plastic-adherent mouse cells after in vitro phagocytosis of pig islet cells does not reveal greater phagocytose of PERV DNA than pig mt DNA, and phagocytosis potency was reduced in irradiated nude mice, caution must be taken to avoid misinterpretation of the results. If part of the islet-cells were destroyed, it cannot be completely excluded that islet cell debris could have been phagocytosed by cells that could home to mouse tissues thereby complicating the analysis of pig DNA sequences in these tissues.
In conclusion, PERV produced by PK15 cells was able to infect various mouse tissues. Moreover, extensive pig cell chimerism was obtained in these tissues, indicating the circulation of porcine cells. Our study also provides the first evidence for infection of human 293 cells by PERV in vivo in this mouse model. Additionally, it indicates that transmission of PERV sequences from SPF pig islets to mouse tissues could have occurred. Finally, our study suggests for the first time that human 293 cells can be PERV-infected by pig islets in vivo. Taken together, these results tend to confirm the risk of PERV transmission in vivo from pig tissues to humans during xenotransplantation. 
